The estrogen receptor (ER) plays important roles in the development and progression of breast cancer, and is a major target for tumor therapy. In this study, we investigated ER function in two derivatives of MCF-7 cells that were selected for their ability to proliferate in the absence of estrogen or in the presence of the antiestrogen, tamoxifen. Reporter gene assays indicated decreased ER activity in both cells lines, although the activity remaining retained responsiveness to both estrogen and tamoxifen. The decreased ER activity correlated with expression of a 61 kDa variant ER protein, and sequencing of RT-PCR products indicated that this variant was the product of an exon 3 deletion (ER E3). To study its effects on cell proliferation, ER E3 cDNA was stably transfected into both the MCF-7 cell line and its estrogen-independent/tamoxifen-sensitive derivative MCF-7/LCC1 (LCC1), and the phenotypes of transfectants were examined. Expression of ER E3 was not sustainable in MCF-7 cells, but was maintained for at least 17 passages in LCC1 cells. These results are in agreement with previous reports that ER E3 inhibits wild-type ER activity and negatively regulates proliferation of MCF-7 cells. They further suggest that the alteration that leads to estrogen independence in LCC1 cells allows for sustained expression of ER E3, and that additional changes are required to confer tamoxifen resistance to these cells.
Introduction
Numerous studies have demonstrated the critical role that estrogen plays in the initiation and progression of breast tumors (Soule & McGrath 1980 , Henderson et al. 1988 . Based on these findings, endocrine therapies have been developed and used for the treatment of breast cancer patients. Tamoxifen is the most commonly used endocrine therapy in hormone-responsive breast cancer, especially as adjuvant therapy after removal of the primary tumor (Jordan 2000) . Worldwide clinical trials indicate that the 5-and 10-year mortality rates of breast cancer patients can be reduced 20-25% by tamoxifen treatment (Early Breast Cancer Trialists' Collaborative Group 1992) . Nevertheless, many tumors that initially respond to tamoxifen therapy eventually become resistant, and the development of such resistance in advanced breast cancer is a common cause for treatment failure. Recent reports indicate that aromatase inhibitors, which block production of estrogens, may be as or more effective than tamoxifen for the treatment of primary breast cancer (Milla-Santos et al. 2003) . However, breast cancer cells can become estrogen independent, and the development of aromatase-resistant tumors might therefore occur. Understanding the molecular changes that take place during the evolution of resistance to endocrine therapies could provide strategies for preventing or treating such tumors. Several mechanisms might account for the development of resistance, including loss of estrogen receptor (ER), mutation of ER, alteration of ER cofactor(s), abnormal metabolism, and alterations in growth factor pathways (Osborne et al. 1995 , Jordan 1998 , Clarke et al. 2001a . ER mutations have been observed in some cell lines selected in vitro for resistance to antiestrogens, as well as in tumor samples (McGuire et al. 1992 , Wolf & Jordan 1994 . However, many estrogenindependent and/or antiestrogen-resistant cell lines still express wild-type (wt) ER at significant levels (Jiang et al. 1992) , suggesting that other mechanisms also exist.
Cell lines selected for the ability to grow in the absence of estrogen or in the presence of antiestrogen have been used as laboratory models of acquired endocrine resistance. MCF-7 cells have been widely used as a model of estrogen-dependent and antiestrogen-sensitive breast cancer. Both estrogen-independent and tamoxifen-resistant derivatives of MCF-7 have been selected using a protocol that mimics disease progression in patients (Leonessa et al. 1992 , Brunner et al. 1993a ,b, Thompson et al. 1993 . MCF-7 cells were inoculated into ovariectomized athymic nude mice to select for estrogen-independent growth in vivo (Clarke et al. 1989) . LCC1 cells were isolated from a rare tumor that developed, and were characterized as estrogen independent but tamoxifen sensitive (Brunner et al. 1993a ). LCC1 cells were further selected in vitro for growth in the presence of 4-hydroxytamoxifen (4-OH TAM), giving rise to the MCF-7/LCC2 (LCC2) cell line, which is resistant to tamoxifen but still sensitive to steroidal antiestrogens such as ICI 182,780 (Brunner et al. 1993b) . The phenotype of LCC2 cells is similar to that seen in many breast cancer patients who develop tamoxifen resistance during endocrine therapy (Howell et al. 1995) .
The current study was aimed at identifying biochemical changes that occurred during the evolution of LCC1 and LCC2 cells. Estrogen response element (ERE) reporter gene assays demonstrated that although ER activity in LCC1 and LCC2 cells was regulated by 17-estradiol and 4-OH TAM, the overall level of expression of ERE reporter genes was significantly lower in LCC1 than in MCF-7 cells, and even lower in LCC2 cells. Western blot analyses revealed a 61 kDa ER variant expressed in LCC1 and at higher levels in LCC2 cells, and sequencing of RT-PCR products identified this variant as one containing a deletion of exon 3. The ER gene has eight coding exons, which generate a 6·2 kb wtER mRNA. Aberrant mRNA splicing can produce ER variant mRNAs with various exon deletions (Wang & Miksicek 1991 , Koehorst et al. 1993 , Miksicek et al. 1993 , Sluyser 1994 , Gotteland et al. 1995 , Pfeffer et al. 1995 , Hopp & Fuqua 1998 , Murphy et al. 1998 , Fasco et al. 2000 . Variant ER mRNAs have been detected in normal breast tissue, breast cancer cell lines, and clinical tumor samples using RT-PCR. They are observed in the majority of ER-positive tumors and tumor cell lines, and attempts have been made to correlate changes in their expression with clinical features. In one study of breast tumors, expression of a specific ER variant correlated with antiestrogen resistance (Daffada et al. 1995) . However, examination of in vitro-derived antiestrogen-resistant cell lines failed to observe any consistent changes in ER variant mRNA expression as a function of tamoxifen, ICI 164,384, or ICI 182,780 resistance (Madsen et al. 1997) . In addition, although variant ER mRNAs are readily detected, the level of variant protein is usually extremely low or undetectable, making the physiological role of the RNAs questionable.
Among the characterized ER variants, one of the most commonly seen is the exon 3 deletion (ER E3). Exon 3 encodes the second zinc finger of the DNA binding domain. The ER E3 protein does not bind to EREs and does not activate EREs in transient transfection assays, but can dimerize with both itself and wtER. When ER E3 was mixed with wtER in a ratio of 1:1, ERE activity was inhibited by 30%, suggesting that ER E3 functions as a dominant negative variant (Wang & Miksicek 1991) . Consistent with this finding, ectopic expression of ER E3 in MCF-7 cells has been reported to inhibit anchorage independent growth and to suppress their invasiveness (Erenburg et al. 1997) . However, ER E3 has also been reported to be a potent activator of some promoters containing AP1 sites (Bollig & Miksicek 2000) , and it is therefore possible that it might promote proliferation under some circumstances.
The discovery that ER E3 protein is present in LCC1 and LCC2 cells suggested that they might be resistant to the inhibitory effects of this ER variant. Stable transfection experiments demonstrated that this was the case. Expression of ER E3 was strongly selected against in MCF-7 cells, but not in LCC1 cells. This is consistent with a model in which a change has occurred in LCC1 cells that makes them partially independent of ER function. However, this independence is not complete, since both LCC1 cells and derivatives expressing high levels of ER E3 retain sensitivity to tamoxifen.
Materials and methods

Cell culture
MCF-7, LCC1 and LCC2 cells were maintained in improved modified Eagle's medium (IMEM) (Biofluids, Inc., Rockville, MD, USA) supplemented with 5% fetal bovine serum (Hyclone Logan, Utah, USA), penicillin (100 units/ml) and streptomycin (100 µg/ml) (Invitrogen Life Technologies). To study the effects of estrogen and antiestrogens, cells were grown in IMEM without phenol red supplemented with 5% charcoalstripped fetal bovine serum (CSS) (Hyclone).
Reagents and plasmids
17 -Estradiol and 4-OH TAM were purchased from Sigma (Sigma Aldrich, St Louis, MO, USA). ICI 182,780 (ICI) was from AstraZeneca. Lipofectin was purchased from Life Technologies. The ER E3 and wtER expression vectors (pCDNA3-ER E3 and pCDNA3-wtER ) were constructed by insertion of the ER E3 and wtER cDNAs into pCDNA3 (Invitrogen). p gal-Basic was purchased from Clontech Laboratories (Palo Alto, CA, USA). The ERE-luciferase reporter construct, ERE2-tk109-luc, was obtained from Dr Gehm at Northwestern University Medical School (Gehm et al. 1997) .
Primers and PCR conditions
The primers used for RT-PCR were 5 -CTGCCA AGGAGACTCGCTAC-3 (upstream) and 5 -AAG GCACTGACCATCTGGTC-3 (downstream). The primers used for genomic PCR were 5 -CGCTCG AGTGGGGTGCAACGTAGTAAGA-3 (upstream) and 5 -GCGAATTCCAATGGGTAGAGCCAG-3 (downstream). For reverse transcription reactions, 5 µg total RNA and 10 pmol of the downstream primer were incubated for 10 min at 65 C in deionized H 2 O, and then in a total of 20 µl reverse transcription mixture (50 mM Tris-HCl, pH 8·3, 40 mM KCl, 6 mM MgCl 2 , 1 mM dithiothreitol (DTT), 50 µM dNTPs, 200 units MMLV-Reverse Transcriptase (Invitrogen Life Technologies) for 1 h at 37 C. For PCRs, 4 µl of the reverse transcription mixture or 1 µg genomic DNA were amplified in a final volume of 100 µl containing 250 nM of each primer, 200 µM dNTPs, 1·5 mM MgCl 2 , and 2·5 units TAQ DNA polymerase (Invitrogen Life Technologies). Each RT-PCR consisted of 35 cycles (60 s at 62 C, 60 s at 74 C and 30 s at 94 C). Each genomic PCR consisted of 40 cycles (60 s at 58 C, 60 s at 74 C and 60 s at 94 C). PCR products were visualized on agarose gels stained with ethidium bromide. The DNA fragments of interest were then recovered and purified using a GenElute Agarose Spin Column (Sigma), and sequenced at the Michigan State University Genomic Technology Support Facility.
Western blotting
To prepare cell extracts, monolayers (80% confluent) were washed twice in ice-cold PBS and collected by scraping and centrifugation. Cell pellets were resuspended in ice-cold lysis buffer (50 mM HEPES, 150 mM NaCl, pH 7·5, 1 mM EDTA, 2·5 mM EGTA, 0·1% Tween-20, 10% glycerol, 1 mM DTT, 0·1 mM PMSF, 10 µg/ml leupeptin, 2 µg/ml aprotinin, 10 mM -glycerophosphate and 1 mM NaF) and lysed by sonication on ice (duty cycle 80%, output 6, 10 s) using a Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT, USA). The cellular debris was removed by centrifugation (12 000 g, 2 min, 4 C). The total protein concentration in the cell lysate was measured using a Bradford assay (Bio-Rad Laboratories, Inc. Hercules, CA, USA). Twenty micrograms total protein from each sample were separated on 12% SDS-polyacrylamide gels and transferred to PVDF membranes (NEN Life Science Products, Perkin Elmer, Boston, USA) in transfer buffer (25 mM Tris, 192 mM glycine and 15% methanol) using the XCELL gel transfer system (Invitrogen Life Technologies). Western analysis of ER protein levels utilized a mouse monoclonal antibody (Mab-17) that was raised against recombinant ER protein, and which recognizes an amino-terminal epitope present in both wtER and ER E3. Membranes were blocked in 5% dry milk in PBST (PBS+0·1% Tween 20) and incubated with a 1:2 dilution of the Mab-17 in PBS at 4 C overnight. The antibody was removed and the membrane was washed with PBST three times for 10 min each. A peroxidase-labeled secondary antibody (American Qualex, San Clemente, CA, USA) was diluted 1:2000 in 5% dry milk in PBST and incubated with the membrane for 1 h at room temperature. Blots were reprobed with an antibody to -actin as a loading control. Proteins were then visualized using Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA).
Transient transfection and luciferase assays
Cells were plated in IMEM containing 5% FBS at 4 10 5 cells per 60 mm tissue culture plate, and incubated overnight. Each plate was then incubated with 5 µg ERE2-tk109-luc and 1 µg p galBasic using Lipofectin (Invitrogen Life Technologies) as the transfection agent. Lipofectin/ DNA complexes were formed in phenol red-free, serum-free IMEM, and left on plates for 6 h. The transfection medium was then removed, cells were washed twice in PBS and then incubated in IMEM supplemented with 5% CSS for 48 h to deprive them of estrogen. Fresh medium containing 5% CSS with or without estrogen (10 9 M), 4-OH TAM (10 6 M), or ICI (10 7 M) was then added for 8 h. Treatments were added as stock solutions in absolute ethanol, and ethanol was added to control media to the same final concentration in all plates. After the 8 h treatment, cells were washed twice with PBS and harvested by scraping and centrifugation. Cell pellets were resuspended in 200 µl reporter lysis buffer (Promega Corp., Madison, WI, USA) and lysed by freezing and thawing. Protein concentrations in cell extracts were determined using the Modified DC assay (Bio-Rad). Aliquots of each lysate were assayed for -galactosidase (Clontech) and luciferase (Promega) activities on a Turner TD-20e luminometer using protocols suggested by the manufacturer. The luciferase activity was normalized to the -galactosidase activity in the same extract, and is shown as the mean S.D. of three independent transfections.
Stable transfections
To obtain stable cell lines, MCF-7 and LCC1 cells were transfected with pCDNA3-ER 3 or pCDNA3-wtER using the Lipofectin reagent, and selected in medium containing 400 µg/ml G418 (Geneticin, Amersham BioSciences, Piscatawy, NJ, USA). Individual G418 resistant colonies were isolated, and expanded into cell lines that were subsequently maintained in media containing 40 µg/ml G418. Passage one was defined as the point at which each transfected cell line was passed to a single 10 cm plate. Clonal cell lines that expressed ER E3 or wtER were identified by Western blotting.
Colony formation in soft agar
Cells were plated in phenol red-free IMEM containing 5% CSS for two days, then harvested by trypsinization. Cells were suspended in IMEM containing 5% CSS, 0·3% Nobel agar (Difco Laboratories, BDDiagnostic Systems, Sparks, MD, USA) in the presence or absence of estrogen or 4-OH TAM. They were then plated at a density of 5 10 4 cells/well in 6-well dishes on top of a layer of IMEM containing 5% CSS plus or minus estrogen or 4-OH TAM and 0·6% agar. The plates were incubated for 21 days, with feeding every 5 days. Colonies were then stained with 0·1% neutral red and analyzed by microscopy. Colonies larger than 60 µm (more than 50 cells) were counted, and six independent wells per treatment were averaged. The results were expressed as means S.D.
Results
ER activity in MCF-7, LCC1 and LCC2 cells
To investigate whether ER activity or regulation was altered in LCC1 or LCC2 cells, expression and regulation of an ERE-Luc reporter gene in these cell lines were compared with MCF-7 cells. An ERE-luciferase plasmid construct (ERE2-tk109-luc) was co-transfected into cells along with a control -galactosidase construct (p gal-Basic) as described in Materials and methods. After transfection, cells were treated with vehicle, estrogen, 4-OH TAM, or ICI for 8 h, harvested and analyzed for luciferase and -galactosidase activities as described in Materials and methods. As shown in Fig. 1 , the adjusted luciferase activity was low in all three cell lines in CSS, although it was significantly higher in MCF-7 than in LCC1 (P=0·0003) or LCC2 (P,0·0001) cells. Estrogen induced luciferase expression, and this induction was reversed by both ICI and 4-OH TAM in all of the cell lines. This indicates that both estrogen and antiestrogens regulate ER activity in LCC1 and LCC2 cells. However, the magnitude of luciferase induction by estrogen was significantly lower in LCC2 than in either MCF-7 (P=0·008) or LCC1 (P=0·0055) cells. Together with the lower basal ER activity in LCC1 and LCC2 cells, these results suggested that ER function might be altered in LCC1 and/or LCC2 cells, despite the fact that ER levels and binding affinities in these cell lines were previously shown to be comparable to MCF-7 cells by ligand binding assays (Brunner et al. 1993b ).
Identification of ER E3 protein in LCC1 and LCC2 cells
To investigate the cause of the altered ER activity in LCC1 and LCC2 cells, Western blot analyses of ER protein were carried out. MCF-7, LCC1 and LCC2 cells were incubated in IMEM/CSS for 2 days, and then treated with estrogen, 4-OH TAM, or ICI. After 2 days of treatment, cells were harvested and lysates were analyzed by Western blotting using a monoclonal antibody that recognizes an N-terminal epitope of wtER. ER expression levels were similar in the three cell lines (Fig. 2) . Interestingly, an ER variant of approximately 61 kDa was detected at high levels in LCC2, and to a lesser extent in LCC1, cells. In this experiment, the level of the 61 kDa ER variant was comparable to that of the 66 kDa wtER in LCC2 cells. In addition, expression of the 61 kDa ER variant was regulated by estrogen, 4-OH TAM and ICI in the same way as that of wtER.
To investigate the nature of the ER variant in LCC2 cells, it was molecularly characterized. Based on the size of the protein, it was suspected to arise from a deletion of exon 3. To test this hypothesis, a set of primers was designed to span exon 3, with the upstream primer located in exon 2 and the downstream in exon 4. Total RNA was isolated from MCF-7 and LCC2 cells, and RT-PCRs were performed as described in Materials and methods. Control PCRs were carried out in parallel with cDNA constructs containing either the wild-type or 3 ER coding sequences. As shown in Fig. 3a , RT-PCRs using MCF-7 cell RNA gave rise to a single band of the predicted 420 bp that co-migrated with the fragment amplified from the wtER cDNA. This fragment was also present in the RT-PCR products from LCC2 cells; however, the LCC2 cell products also included a 320 bp fragment that co-migrated with the fragment amplified from the ER E3 cDNA. To confirm that the 320 bp fragment amplified from LCC2 cells indeed represented an exon 3 deletion, it was purified and sequenced. The sequencing results established that LCC2 cells contain significant amounts of an mRNA species containing a precise deletion of exon 3 (Fig. 3b) , which is likely to account for the 61 kDa ER variant protein detected by Western blotting.
One potential mechanism for the generation of the ER E3 mRNA found in LCC2 cells would be a splice site mutation in one allele of the genomic DNA. To test for such a mutation, genomic PCR was carried out in MCF-7 and LCC2 cells using a primer set with the first strand primer located in intron 2 and the second in intron 3. The resulting 313 bp fragment containing exon 3 plus flanking intron sequences was then purified and sequenced. No genomic mutations were observed within 122 bp upstream or 77 bp downstream of exon 3 in either MCF-7 or LCC2 cells (data not shown), a region that typically includes all essential splicing signals including the branch point adenosine.
Ectopic expression of ER E3 in stably transfected MCF-7 and LCC1 cells
Previous research has indicated that ER E3 inhibits wtER function at EREs, and also inhibits both anchorage-independent growth and invasiveness of transfected MCF-7 cells. In addition, ER E3 mRNA levels were higher in normal mammary epithelial cells than in breast cancer cells, suggesting that it may be involved in limiting RT-PCRs were carried out using the indicated primers. PCRs with both wild-type ER and ER E3 cDNAs were included as controls. Final PCR products were separated on agarose gels and stained with ethidium bromide. (B) The 420 bp and 320 bp PCR products from MCF-7 and LCC2 cells were purified and sequenced, and the results are illustrated diagrammatically. The sequences found in both the 420 and 320 bp products are shown in bold letters, and those found only in the 420 bp fragment are shown in italics. DBD, DNA binding domain; LBD, ligand binding domain.
proliferation (Erenburg et al. 1997) . Given these facts, the high levels of ER E3 protein in LCC2 cells, which have increased tumorigenic potential relative to MCF-7 cells, was surprising. To investigate whether expression of ER E3 has different consequences in MCF-7 cells and their estrogen-independent derivative, LCC1, stable transfections were carried out. MCF-7 and LCC1 cells were transfected with either pCDNA3-wtER or pCDNA3-ER E3, and G418 r colonies were selected and expanded into clonal cell lines. Lines expressing ER E3 or wtER were identified by RT-PCR and confirmed by Western blotting. As shown in Fig. 4a , when cultures were analyzed soon (within 1-2 passages) after selection, three independent derivatives of both MCF-7 and LCC1 expressed the ER E3 gene at similar levels to the endogenous wild-type. However, later passages of the MCF-7-derived lines no longer expressed the 61 kDa ER variant (Fig. 4b ), suggesting that it had been selected against. In contrast, the LCC1-derived lines maintained expression of the variant protein for at least 17 passages. These results indicate that a change occurred during the derivation of LCC1 cells that allows them to tolerate continued expression of ER E3.
Anchorage-independent proliferation of LCC1 cells expressing ER E3
LCC2 cells consistently express higher levels of ER E3 protein than LCC1 cells and have also acquired tamoxifen resistance. To investigate whether expression of ectopic ER E3 affected the growth properties and/or tamoxifen sensitivity of LCC1 cells, the ability of control and transfected cell lines to form colonies in soft agar were compared. Cell lines examined included MCF-7, LCC1, LCC2, LCC1 cells stably expressing ER E3 or wtER, and LCC1 cells containing the pcDNA3 vector. Expression of ER E3 and wtER in the transfected cell lines at the start of these assays was confirmed by Western blotting of cell lysates (Fig. 5a ). The ability of the different cell lines to form colonies in soft agar after a 3-week incubation in medium containing CSS, CSS+ estrogen, or CSS+4-OH TAM was evaluated by staining with neutral-red followed by microscopy ( Fig. 5b ) and direct counting of colonies (Fig. 5c ).
As shown in Fig. 5 , colony formation by MCF-7 cells was significantly higher in the presence of estrogen than in the absence of estrogen or in the presence of 4-OH TAM (P,0·0001). Colony formation by LCC1 cells was similar in the presence or absence of estrogen, but low in the presence of 4-OH TAM (P,0·0001). In contrast, LCC2 cells formed colonies with similar efficiency under all conditions. Thus, the behavior of these cell lines in the soft agar assay clearly reflects their reported phenotypes (Clarke et al. 2001a) . The phenotype of LCC1 cells stably expressing either wtER or ER E3 was unchanged; in each case the number of colonies formed in the presence of 4-OH TAM was significantly less than in CSS or CSS plus estrogen (P values ranged from 0·01 to ,0·0001) (Fig. 5c) . Thus, expression of ER E3 does not inhibit LCC1 colony formation in the absence or presence of estrogen, nor does it confer tamoxifen resistance to these cells. Because ER E3 expression was not maintained in transfected MCF-7 cells (Fig. 4b ), we were unable to directly examine the effects of ER E3 expression on colony formation in this cell line. However, a previous report indicated that expression of ER E3 inhibits the ability of MCF-7 cells to proliferate in soft agar in the presence of estrogen (Erenburg et al. 1997) , and this is consistent with the data presented here.
Discussion
In this study, we investigated ER expression and function in MCF-7-derived cell lines with acquired estrogen independence or tamoxifen resistance. We have shown that a specific ER variant, ER E3, is expressed at high levels in the estrogenindependent/tamoxifen-resistant LCC2 cell line, and to a lesser extent in estrogen-independent but tamoxifen-sensitive LCC1 cells. Although there have been numerous reports of ER variant mRNAs in breast cancer cells (Wang & Miksicek 1991 , Koehorst et al. 1993 , Miksicek et al. 1993 , Sluyser 1994 , Gotteland et al. 1995 , Pfeffer et al. 1995 , Hopp & Fuqua 1998 , Murphy et al. 1998 , Fasco et al. 2000 , the existence of variant proteins has been more controversial, and this is one of the few cases where a significant amount of a naturally occurring ER variant is expressed at the protein level.
The identification of an ER variant that is expressed at high levels in breast cancer cell lines raises several interesting questions. One is the mechanism leading to expression of the variant protein, and the second is its effects on cellular phenotype. Previous studies have shown that several different variant ER mRNAs can co-exist in both normal and transformed tissues (Gotteland et al. 1995) , suggesting that they generally do not result from simple mRNA splice site mutations. By sequencing PCR products from genomic DNA, we demonstrated that the presence of ER E3 mRNA in LCC2 cells is not a result of a simple splice site mutation (data not shown). The analysis carried out does not, however, rule out the complete loss of exon 3 and surrounding sequences from one allele of the ER gene in LCC2 cells. Early evidence suggested that exon skipping is one of the likely sources of ER variant mRNAs in breast cancer cells (Miksicek et al. 1993) . The amount of ER E3 protein present in LCC1 and LCC2 cells is somewhat variable (compare Figs 2 and 5), which is consistent with this suggestion. However, the amount of ER 3 protein is consistently higher in LCC2 than LCC1 cells, indicating that expression of this variant is regulated.
In addition to investigating the source of the increased ER E3 in LCC2 cells, we have characterized its effects upon cellular phenotype, and found that the increased level of ER E3 from MCF-7 to LCC1 to LCC2 cells correlates with decreased activity of ERE reporter genes in these cell lines. Furthermore, since its expression is not maintained in stably transfected MCF-7 cells, ER E3 seems to inhibit the estrogen-dependent proliferation or survival of these cells. These findings are consistent with previous reports that ER E3 acts as a dominant negative mutant at EREs (Wang & Miksicek 1991 , Erenburg et al. 1997 , Bollig & Miksicek 2000 . In contrast to the situation in MCF-7 cells, ER E3 expression can be maintained for many passages in LCC1 cells. The fact that ER E3 does not inhibit proliferation of LCC1 cells suggests that these cells no longer require the action of ER at ERE-regulated genes, and it seems likely that the same change(s) giving rise to this phenotype also confer estrogen independence. Such changes might include activation of genes that are normally induced by estrogen, increased expression or mutation of ER coregulators, or activation of growth factor pathways (Clarke et al. 2001a,b) .
It is interesting to note that although LCC1 cells proliferate in the presence of what appears to be a dominant negative ER, they are still sensitive to tamoxifen, indicating that they are not completely independent of ER function. There are several possible explanations for this result. One is that tamoxifen-bound ER may have unique effects upon some genes that regulate cell proliferation; for example it might suppress genes required for proliferation or activate genes that inhibit proliferation. Alternatively, ER E3 may activate genes that promote proliferation, either via interactions with transcription factors such as AP1, or via non-genomic mechanisms, and these activities may be inhibited by tamoxifen. Although our results indicate that such activities are not sufficient to promote proliferation, their inhibition might prevent it. Determining which, if either, of these explanations is correct would have important implications for understanding the mechanisms leading to tamoxifen resistance. Finally, although our data clearly demonstrate that expression of ER E3 is not sufficient to confer tamoxifen resistance to LCC1 cells, it is possible that increased ER E3 expression plays an indirect or contributory role in its development. The continuous presence of ER E3 may impose a selective pressure on LCC1 cells to become less dependent on ER function and, over time, may favor the emergence of tamoxifen-resistant progeny.
